Previous studies on the neural bases of emotional responses have indicated that certain nuclear regions in the thalamus are functionally significant in the rage response whenever these regions are released from the control of the cerebral hemispheres (Bard,1 de Barenne3 and Weed7). In these investigations acute decorticate or decerebrate preparations were used. The areas isolated for study were large and rather poorly defined. The intense responses involved in self protection, and usually termed rage responses, dominated the behavior of the animals and prevented the appearance of other types of emotional reactions.
In reviewing these studies a number of questions have arisen concerning the neural bases of emotional responses. First, would the functions of these deeper nuclei be different when the restraining influence of the cortical centers are removed than when these centers are intact? In order to test this a technique must be used which will allow for the destruction of the deeper nuclei with a minimal destruction of the overlying cortex. Second, are the neural bases for emotional responses localized within a definite, small nuclear region within the mesencephalon or diencephalon, or a number of these regions? To answer this question a method must be devised for varying the amount of destruction within rather wide limits and for adequately controlling the locus of the destruction. Third, are all emotional responses innervated from the same region within the thalamus or midbrain? Reactions other than those called out in the rage response should be carefully studied. To do this animals with intact hemispheres should be used in order to restrain, to some degree, the intense rage reactions. Different nuclear regions in the mesencephalon and diencephalon should then be investigated. Fourth, would chronic preparations, from which many test reactions could be obtained, manifest responses varying in kind or intensity from those responses characteristically observed in acute animals? The solution of this problem demands the use of a technique and method which will cause the least possible shock to the animal and which will allow it to recover quickly and completely in order that postoperative experimentation can be conducted over a period of at least a month.
The present paper describes a technique for obtaining controlled destruction within the deeper nuclei of the cerebrum with a minimal destruction of the intervening cortex. It is a direct outgrowth of a number of studiest which have been made under the direction of the senior author to devise a method for investigating the functions of the deeper nuclei when the cortical areas are relatively undisturbed (Brown2). In these investigations the available techniques of destruction by injection of chemicals, mechanical use of the scalpel and coagulation by the electric cautery were tested. They were discarded on two counts. First, in no instance was it possible to destroy the underlying tissues without the involvement of relatively large amounts of cortex. Second, it was impossible to achieve a high degree of control over the locus and amount of the region being destroyed.
Preliminary experiments had shown that a method of producing destruction by localized application of radio frequency current offered considerable promise of success. A long series of cut-and-try experiments was therefore begun in which an attempt was made to devise a high frequency current generator which would furnish a variably-controlled current of suitable strength and frequency to accomplish any desired amount of destruction and which could be conducted, by means of an insulated wire electrode, into the deeper tissues with a minimal destruction of the intervening cortex. Two desiderata were always kept in mind: (1) control over the amount of destruction, and (2) control over the locus of destruction.
Because of the number of factors determining the destructive capacity of high frequency current the realization of the first objective came only at the end of much experimentation. At one time or another the effects of the following factors were studied: (1) amperage and voltage, and (2) duration of the current, (3) the amount of electrode exposed, (4) the suit-VOL. 20, 1934 ability of various kinds of electrode insulators, (5) the vascularity and nuclear nature of the tissue.
As would be expected, some of these factors contributed more than others to the destructive effect of the current. The effects of the first two were not constant for all ranges, so it was necessary to determine the range in each which would give the desired variation in amount of destruction. A further complicating factor came from the tendency of the tissue to char when the voltage was too high. This charring was found to depend particularly upon the relationship between the voltage and the duration of the current, and to vary considerably at different ranges. It was necessary to eliminate all charring in the experiments on the functions of the deeper nuclei because the charred tissue often adhered to the electrode and on being removed tended to tear the surrounding cortical tissue.
FIGURE 1 The high frequency currents were generated by a vacuum tube oscillator (see Fig. 1 ), using the well-known Hartley circuit. The apparatus was designed in accordance with accepted radio engineering practice. Several conditions influencing the stability of the oscillator received particular attention (Prince8). The circulating volt-amperes in the circuit LpLg-Ci, was held considerably in excess of 4ir times the power withdrawn from the oscillator, by using the proper value of C1, and adjusting the mutual-induction between Lp and L1. The output voltage was adjusted by varying the anode voltage.
The frequency used was 3 X 1OS cycles, which is well above the range of electrical stimulation, and furthermore is high enough to pass directly through the tissue cells (McClendon5). It was determined experimentally that the potential applied to the electrode had to be kept below about 20 volts if consistent results were to be secured. The impedance Z0 of the electrode in situ, including such tissues as were in the current path, was found to be of the order of 1000 ohms at the frequency used, hence only about 0.4 watt of power was required to produce the tissue destruction.
The voltage at which charring and irregular destruction began to occur was found to be quite critical. Naturally the impedance of the electrode circuit varied considerably and erratically if the critical voltage was exceeded, a condition which was accentuated due to the fact that the output voltage of a radio frequency oscillator tends to vary directly with the impedance of the load. This effect was almost completely eliminated by using a radio frequency oscillator large enough to produce 40 watts of high frequency power, and dissipating most of this energy in a 10-ohm reservoir circuit Z1.
Tissue destruction is produced by the action of the current, which, under certain conditions, is determined by the voltage across the electrodes. It was found that measurement and control of this voltage was of more value than the measurement of the electrode current. A vacuum tube voltmeter was used, the circuits of which were designed according to a method described by Lubke. The error of this meter was 1% for comparative measurements, although its absolute accuracy was somewhat less.
Destruction in the cortical tissues through which the electrode passes is a function of the size of the electrode, the type of the electrode point and the presence or absence of sticking or charring of the tissue at the tip. Sticking and charring were prevented by the selection of the proper combinations of voltage and duration. In a study of the functional significance of subcortical mechanisms in learning,t a voltage of 16 with a duration of from 2 to 21/2 minutes has proved very satisfactory in producing experimental lesions. In no instance where this combination has been used has there been any indication of charring. Using this voltage and varying the duration of current between the limits of 0 and 21/2 minutes it was possible to produce subcortical destruction varying from the amount produced mechanically by the electrode to a volume of approximately 4.5 cu. mm.
The limiting factor in the case of electrode size was the rigidity of the wire. The most serviceable electrode proved to be a nickel silver wire 0.010 of an inch in diameter. This was given two coatings of bakelite varnish which increased the diameter to 0.014 inch and greatly added to the rigidity. The varnish was removed at one end and the wire ground to a point. Great care was exercised to get as smooth a surface as possible. With this type of tip the electrode tended to push aside the tissue as-it was inserted and the immediate mechanical destruction around the electrode was actually less than the diameter of the coated wire. The diameter of the mechanical injury produced in nervous tissue by the shank of the elec- VOL. 20, 1934 trode was 166 micra. Allowing 20% for shrinkage of the brain during the histological preparation (which is a generous allowance as the tissue was prepared by a method which reduced any change in size to a minimum) the destruction amounts to 199 micra. The actual diameter of the electrode was 355 or 56 micra greater than the mechanical injury. This finding supports the contention that the sharpened tip pushes aside much of the tissue as it is inserted and that the actual destruction of cells is very small. It will be remembered that one of the requirements of the surgical procedure to be used in a successful study of the functions of the deeper nuclei was a minimal destruction of the overlying cortical tissues. This has been achieved in the use of the high frequency current.
It was apparent from the trial experiments that to obtain lesions of similar locus on opposite sides of the midline, and to produce definite variations in locus from one animal to another, it was necessary to use a modified micro-manipulator for inserting the electrode into the tissue. A wide range of variation in three dimensions was required. A device meeting these requirements is being constructed and will be described in another paper.
All of the experiments thus far conducted indicate that the high frequency unit provides a very satisfactory means for accomplishing the destruction of tissue in a small controlled area within the interior of a tissue mass. The unit provides a means whereby the functions of the deeper nuclei of the cerebrum may be investigated while they are under the normal restraining influence of the cortical centers. It provides a precise control over the locus and amount of destruction so that it is possible to. study the individual nuclei of the diencephalic and mesencephalic regions. With the rage responses held in check by the cortical centers it now becomes possible to investigate the neural bases of other types of emotional responses. Because of the slight amount of tissue destroyed, the shock effects are not extreme, and it is very easy to keep the animals alive. Records on the behavior of the animals can then be made over a period of a number of weeks after full recovery from surgical shock and the other immediate effects of the operation.
Although primarily designed for studying the neural bases of emotional reactions the high frequency unit should prove serviceable in solving other anatomical and physiological problems in which a small controlled surgical insult is required. At the present time the architectonics of the basal ganglia are not fully known. The reason for this is not difficult to find when it is remembered that the picture of subcortical destruction is always complicated by the degeneration incident to cortical destruction. There is especial need for further studies on the nervous patterns within the thalamic region. The unit should prove serviceable in studying the physiology of small organs such as the corpora lutea, the separate lobes of the pituitary gland, etc. The unit is now being used in studying the effects of controlled lesions in the subcortex upon the ability (1) to learn a maze, (2) to form the brightness discrimination habit, (3) to discriminate between inclined planes varying in degrees of steepness and (4) to discriminate certain visual patterns.
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